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DIFFERENTIATION OF MESENCHYMAL STEM CELLS
INTO CHONDROCYTES IN 3D SCAFFOLDS –
AN ANALYSIS OF BIOMECHANICAL RESPONSES BY
MATHMATICAL MODELS
J. Nam, B. Rath, B. Aguda, S. Agarwal
The Ohio State University, Columbus, OH
Purpose: Cartilage responds to compressive forces during nor-
mal joint movement. However, the intracellular mechanisms
which convert these signals into biochemical events remain ob-
scure. Here, by utilizing 3-D constructs of chondrocytic cells,
we show that biomechanical signals regulate chondrocytic re-
sponses in a magnitude-dependent manner. At high magnitudes
these signals induce, and at physiological levels these signals
inhibit proinﬂammatory gene induction. Furthermore, by using
mathematical models, we show that the intracellular actions of
mechanical signals can be predicted in a precise and controlled
manner.
Methods: 3-D constructs were fabricated by electrospun 15%
PCL ﬁber mesh of average 10 µm diameter and 90% porosity.
Scaffold cylinders were 3.0 mm thick and 6.0 mm in diame-
ter. C3H10T1/2 mesenchymal cells (200,000 cells/scaffold) were
transformed into chondrocytic cells by growing them in the scaf-
fold in DMEM with 10% FBS, 1% pen/strep and 1% L-glutamine
for 5 days. Cells were phenotyped to conﬁrm chondrocytic gene
expression and subjected to compressive loads. Scaffolds were
exposed to dynamic compressive forces (DCF) at a magnitude
of 5% or 15% at a rate of 0.5 Hz for various time intervals. The
effects of DCF on gene expression for inducible nitric Oxide syn-
thase (NOS2A), matrix metalloproteinase (MMP)-13, NF-kB p65,
I-kBa and I-kBb were analyzed by real time PCR using preestab-
lished probes and primers. Synthesis of proteins was studied by
Western blot analysis. The NF-kB nuclear translocation and IkB
degradation was analyzed by immunoﬂuorescence. For statistical
analysis, ANOVA and Student’s T-test were performed.
Results: 3-D PCL constructs induced growth and differentiation
of mesenchymal cells into chondrocytes heavily impregnated in
proteoglycans and collagen type II matrix and of cartilaginous
appearance. DCF (5% at 0.5 Hz; LowDCF) down regulated
more than 90% of the IL-1b-induced NOS2A mRNA expres-
sion and protein synthesis in 3-D constructs of chondrocytic
cells. However, 15% DCF at 0.5 Hz (HiDCF) alone was proin-
ﬂammatory and induced NOS2A mRNA expression and protein
synthesis. Furthermore HiDCF synergized with IL-1b to induce
NOS2A induction. Further examination of the effects of HiDCF
and LowDCF on NF-kB nuclear translocation showed that DCF
regulates NF-kB signaling cascade to induce or inhibit proinﬂam-
matory gene induction. A mathematical model was developed
to test our understanding of the signaling network involved, and
that our experiments can be simulated and generate predictions
that will guide future experiments. The steps in the model are
the steps for the production of cytokine in response to lowDCF
and HiDCF and the effect of mechanical signal on the activation
of IKK. Individual steps and their rate of expressions, and the
parameter values were used to simulate the effects of DCF. The
differential equations described the dynamics of the system and
the effects of various magnitudes of DCF that could be simulated
with deﬁned predictability.
Conclusions: The results demonstrate that 3-D scaffolds can
be used to transform mesenchymal cells into mechanorespon-
sive chondrocytic cells and allow mechanical activation of these
cells. Chondrocytes respond to DCF in a magnitude-dependent
manner. These responses of chondrocytes can be used to make
mathematical models of proinﬂammatory pathways to show that
chondrocytes respond to biomechanical signals in a predictable
dose dependent manner. Supported by NIH grants AT00646,
DE15399, AR04878, HD40939.
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MODULATION OF CXC CHEMOKINES AND THEIR
RECEPTORS DURING CHONDROGENIC
DIFFERENTIATION OF HUMAN MESENCHYMAL STEM
CELLS GROWN IN THREE-DIMENSIONAL SCAFFOLD:
EVIDENCE IN NATIVE CARTILAGE
G. Lisignoli, S. Cristino, A. Piacentini, C. Manferdini,
K. Codeluppi, F. Grassi, A. Facchini
Istituti Ortopedici Rizzoli, Bologna, Italy
Purpose: Cartilage matrix proteins are known to inﬂuence chon-
drocyte functions that are the main regulator of the physiologically
low turnover of the cartilage. Recent reports demonstrate that
the maintenance of cartilage homeostasis is also modulated by
soluble factors, like chemokines. Aim of this study was to eval-
uate the expression of CXC chemokines CXCL8 (IL8), CXCL10
(IP-10), CXCL12 (SDF-1) and CXCL13 (BCA-1) and their re-
ceptors, respectively CXCR1-2, CXCR3, CXCR4 and CXCR5,
during chondrogenic differentiation of human mesenchymal stro-
mal cells (h-MSCs), using a well-deﬁned in vitro 3-D model.
Methods:Chondrogenic differentiation was analysed on h-MSCs
grown on hyaluronic acid-based biomaterial in the presence or
absence of TGFβ, and the expression and modulation of CXC
chemokine/receptors were evaluated at different time points.
Real-time PCR was performed to analyse their expression at
mRNA level and immunohistochemistry and ELISA were used
to evaluate their expression at protein level. Human articular
cartilage biopsies were used to evaluate chemokine/receptor
expression in normal tissue.
Results: We found no expression of CXCR1, CXCR2, CXCR3
and CXCL10 at mRNA level. CXCL8 mRNA was down-
modulated while at protein level we found an increased release
of this chemokine. CXCR4 and its ligand CXCL12 were down-
modulated during chondrogenesis. By contrast, CXCR5 was
up-regulated while its ligand CXCL13 was decreased. These
data were also conﬁrmed on human articular cartilage.
Conclusions: These ﬁndings demonstrate that during in vitro
h-MSC chondrogenic differentiation chemokine/receptor expres-
sion was speciﬁcally induced or repressed in line with what we
found in normal articular cartilage, thus suggesting a role in
differentiation and maturation of a cartilage-like structure in vitro
and consequently in the regulation of cartilage homeostasis.
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CALCINEURIN – NUCLEAR FACTOR OF ACTIVATED T
CELLS (NFAT) PATHWAY REGULATES ADULT HUMAN
ARTICULAR CHONDROCYTE DIFFERENTIATION
A.E. van der Windt, H. Jahr, P. van der Laan, P. Pavljasevic,
E. Farrell, J.A. Verhaar, H. Weinans, G.J. van Osch
Erasmus MC, University Medical Center, Rotterdam, The
Netherlands
Purpose: When chondrocytes loose their cartilagenous phe-
notype (dedifferentiation), they produce extra-cellular matrix of
inferior quality, accompanied by a shift from collagen type II and
aggrecan production to collagen type I and versican production.
The loss of the chondrogenic phenotype observed after in vitro
monolayer expansion of isolated chondrocytes, as required for
several cell-based therapies, may also play a role in the patho-
genesis of osteoarthritis.
From the different signaling pathways that have been implicated
in regulating chondrogenic differentiation, we will here focus on
the calcineurin (Cn) - nuclear factor of activated T cells (NFAT)
route. The Cn inhibitor FK506 (Tacrolimus) induced chondro-
genesis in clonal mouse embryogenic carcinoma cells and in
human synovial stromal cells. Cn and its substrate NFATc3 in-
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duce chondrogenesis in limb bud mesemchyme, whereas murine
NFATc2 (NFATp) likely acts as a repressor of cartilage formation,
since NFATc2 knock-out mice showed extra-articular cartilage
formation.
These data suggest that the Cn-NFAT signaling plays an impor-
tant role in embryonic chondrogenesis, and despite the recently
reported involvement of Cn in the progression of osteoarthri-
tis, still virtually nothing is known about Cn and NFATs in the
phenotypical regulation of adult human articular chondrocytes.
The aim of this study was to evaluate the role of Cn-NFAT
signaling during phenotype development of adult human articular
chondrocytes in vitro.
Methods: Cn activity was monitored in in-vitro monolayer cul-
tured primary (Passage 0, P0) and dedifferentiated (P1-P3) chon-
drocytes and in 3D-cultured redifferentiated chondrocytes. To
study the regulation of the Cn-NFAT pathway, gene expression
of NFATc1-c4 and of the catalytic Cn subunit (CnA) isoforms
α, β and γ was measured. Gene expression of collagen type II
(COL2) and type I (COL1), SOX9 and aggrecan (AGC1) was
studied as chondrogenic markers, and that of collagen type X
(COL10) and matrix metalloproteinase 13 (MMP 13) as indicators
of chondrocyte hypertrophy. In addition, the short- and long-term
effects of the Cn inhibitor FK506 on chondrocyte phenotype were
determined.
Results: Cn activity increased during chondrocyte dedifferen-
tiation, and decreased after redifferentiation. NFATc4 gene ex-
pression also increased during dedifferentiation and decreased
during redifferentiation, whereas NFATc2 showed the opposite
trend. The expression of NFATc1, NFATc3 and all CnA isoforms
was not signiﬁcantly regulated during chondrocyte differentiation.
Addition of FK506 decreased Cn activity and resulted in a more
chondrogenic phenotype, with increased COL2 and decreased
MMP13 expression. This was accompanied by increased NFATc2
and decreased NFATc4 levels.
Conclusions: These results suggest a regulating role for Cn-
NFAT signaling in chondrogenic differentiation of articular chon-
drocytes in vitro. Inhibition of this pathway with FK506 restored
a proper chondrogenic phenotype. Therefore, FK506 might be
useful to facilitate chondrocyte in-vitro expansion for cartilage
tissue engineering purposes and other cell-based therapies, or
for in-vivo application to enhance the repair of focal chondral le-
sions. Our results might also explain how calcineurin is involved
in the progression of osteoarthritis, by driving chondrocyte dedif-
ferentiation.
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RETROVIRAL INDUCED IN VITRO INHIBITION OF THE
TRANSCRIPTION FACTOR SOX9
B. Gregan1, N. Ahmed2, C. Göttl3, J. Grifka4, S. Grässel3
1Center for Medical Biotechnology, Bio Park I, Regensburg,
Germany; 2Samuel Lunenfeld Research Institute, Mount Sinai
Hospital, Toronto, ON, Canada; 3Center for Medical
Biotechnology, Bio Park I and Dept. of Orthopaedic Surgery,
Experimental Orthopaedics, University of Regensburg,
Germany; 4Dept. of Orthopaedic Surgery, Experimental
Orthopaedics, University of Regensburg, Germany
Purpose: The transcription factor Sox9 is a key molecule in
early chondrogenesis. Despite its important function as a master
regulator of chondrogenic differentiation little is known about
Sox9 gene regulation, redundancies among Sox family genes,
effects of expression level and the direct and indirect impact
of Sox9 on differentiation stage speciﬁc processes. Literature
shows that Sox9 knockout mice, due to postnatal morbidity, fail
to reveal detailed insights into the regulatory functions of Sox9.
Thus more elaborate techniques for the explicit analysis of Sox9
have to be developed. We have employed RNA interference
(RNAi) to study the effects of Sox9 gene knock down in an in
vitro model system. Here we present proof of principle pilot study
on murine ﬁbroblast cell line NIH3T3.
Methods: Cells were cultured in monolayer and upon reaching
45% conﬂuence they were transduced with Sox9 shRNA by using
Clonetech™’s pSIREN viral transduction system. Transduction
efﬁciency was evaluated after 48-72 hours by analyzing the
gene expression level of Sox9 normalized to endogenous ß-actin
using quantitative PCR. Knockdown level of Sox9 protein was
determined by western blotting with Sox9 speciﬁc antibody.
Results: An average of 80% knockdown of Sox9 was observed
compared to control cells which were transduced with luciferase
shRNA. Nearly 100% absence of Sox9 protein conﬁrmed the
knockdown effect. Downstream effects of the Sox9 silencing were
analysed and relative mRNA expression of three transcription
factors, Sox4, Sox6 and Tbox2 was evaluated and compared
with control cells. The results showed a clear down regulation
of Sox6 while Tbox2 (1.4 folds) and Sox4 (1.8 folds) were non-
signiﬁcantly increased and thus appeared relatively unaffected
by the absence of Sox9. Housekeeping protein ß-actin remained
unaffected indicating Sox9 gene silencing to be speciﬁc and
not due to RNAi provoked unspeciﬁc silencing or viral interferon
mediated “off target” mechanism. Decreased gene expression
of Sox6, known to be active downstream of Sox9, validated
gene silencing together with unaffected Sox4 and Tbox2 mRNA
expression level.
Conclusions: With this pilot in vitro gene silencing study we
conclusively show that the Sox9 gene can be knocked down up to
satisfactory levels by using the plasmid based gene transduction
system.
It serves as a foundation for Sox9 knock down study in primary
mesenchymal stem cells to identify hitherto unknown signalling
factors, redundant genes and unidentiﬁed genes involved in
chondrogenesis and maintenance of a stable chondrogenic phe-
notype in adult cells.
25
SENSITIVITY TO CHANGE OF CARTILAGE THICKNESS
FOR DIFFERENT SUBREGIONS OF THE KNEE – DATA
FROM THE OSTEOARTHRITIS INITIATIVE PROGRESSION
SUBCOHORT
W. Wirth1, S. Maschek1, M-P. Hellio Le Graverand2,
B. Wyman2, M. Hudelmaier3, M. Nevitt4, F. Eckstein3
1Chondrometrics GmbH, Ainring, Germany; 2Pﬁzer Global
Research and Development, Ann Arbor, MI; 3Paracelsus
Medical University, Salzburg, Austria; 4University of California,
San Francisco, CA
Purpose: The Osteoarthritis Initiative (OAI) is a multi-center,
prospective cohort study targeted at identifying the most sensitive
biomarkers for evaluating the progression of symptomatic knee
OA. We have developed an MR-based technique for determining
cartilage thickness in anatomically deﬁned subregions that can
be varied in size. Here we analyze 12 month longitudinal MRI
data from a subset of the OAI, to examine which subregions (and
which choices in subregion size) are most sensitive to changes
in cartilage thickness.
Methods: An age and gender stratiﬁed subsample of the OAI
progression subcohort (n = 156, 79 women, 77 men, age 60.9 ±
9.9 y., BMI 30.3 ± 4.7) with frequent symptoms and radiographic
OA in at least one knee was studied (OAI public-use datasets
0.1.1, 0.B.1 & 1.B.1). K/L grade 2/3 knees in obese (BMI >30)
persons were selected as a subgroup at high risk for progression
(n=54). 1.5mm coronal FLASHwe MR images of all right knees
were acquired using 3T Siemens scanners. 7 experienced read-
ers segmented medial/lateral tibial (MT/LT) and medial/lateral
weight-bearing femoral (cMF/cLF) cartilages blinded to order of
